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Summary
Objective: To develop a methodology for generating templates that represent the normal human patellofemoral joint (PFJ) topography and
cartilage thickness, based on a statistical average of healthy joints. Also, to determine the cartilage thickness in the PFJs of patients with
osteoarthritis (OA) and develop a methodology for comparing an individual patient’s thickness maps to the normal templates in order to
identify regions that are most likely to represent loss of cartilage thickness.
Design: The patella and femur surfaces of 14 non-arthritic human knee joints were quantified using either stereophotogrammetry or magnetic
resonance imaging. The surfaces were aligned, scaled, and averaged to create articular topography templates. Cartilage thicknesses were
measured across the surfaces and averaged to create maps of normal cartilage thickness distribution. In vivo thickness maps of articular
layers from 33 joints with OA were also generated, and difference maps were created depicting discrepancies between the patients’ cartilage
thickness maps and the normative template.
Results: In the normative template, the surface-wide mean±SD (maximum) of the cartilage thickness was 2.2±0.4 mm (3.7 mm) and
3.3±0.6 mm (4.6 mm) for the femur and patella, respectively. It was demonstrated that difference maps could be used to identify regions of
thinner-than-normal cartilage in patients with OA. Patients were shown to have statistically greater regions of thin cartilage over their articular
layers than the normal joints. On average, patients showed deficits in cartilage thickness in the lateral facet of the patella, in the anterior
medial and lateral condyles, and in the lateral trochlea of the femur.
Conclusions: This technique can be useful for in vivo clinical evaluation of cartilage thinning in the osteoarthritic patellofemoral joint.
© 2003 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Introduction
The ability to determine that an articular cartilage layer is
thinner than normal is important for the accurate diagnosis
of osteoarthritis (OA), the proper timing of measures to
inhibit the progression of the disease in mild cases, and the
timing of surgical or pharmaceutical intervention in more
severe cases. It may also be important for the evaluation of
therapies, such as osteochondral autografts, autologous
chondrocyte implants, and artificial tissue repair. Re-
searchers have generated thickness maps for the cartilage
layers of articular joints where the thickness distribution
over the subchondral surface is visualized using elevation
contours1–6, but these thickness maps can only be useful in
identifying cartilage thinning if the normal distribution of
cartilage in the given joint is known.
There have been major advances in recent years in the
in vivo quantification of cartilage layer thickness7. While
joint narrowing, often a sign of advanced joint degenera-
tion, can be determined on X-rays, magnetic resonance
imaging (MRI) is better suited for identifying cartilage
lesions non-invasively. MRI, with its ability to visualize soft
tissue, provides a window to intact joints and has led
researchers to perform comparative studies in search of
the optimum MRI sequence for articular cartilage visualiz-
ation. The consensus generated from these studies is that
high-resolution, three-dimensional (3D) gradient echo
imaging (GRE) with fat suppression provides the best
depiction of cartilage, due to the thin imaging slices made
possible by the 3D imaging, the high contrast to noise ratio
for that sequence, and the easy delineation of the
cartilage–bone boundary permitted by the suppression
of fat signal7–11. Thickness measurements from fat-
suppressed 3D GRE images have been extensively
studied and found to yield accurate and repeatable results.
Studies of particular note are those that calculated and
validated 3D thickness values, as opposed to 2D in-plane
measurements that are dependent on the angle of the
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imaging plane and the researchers’ ability to reproduce it
for their validation method6,12–17. In these studies, Eckstein
et al. showed the absolute error in cartilage thickness
measurement from MRI to be 0.3 mm, when compared with
those calculated from anatomic sections15 and Cohen et al.
showed the accuracy of cartilage thickness measurements
from MRI to be, likewise, 0.3 mm when compared with that
measured using stereophotogrammetry (SPG)6. Studies that
evaluated the repeatability of in vivo thickness measure-
ments have demonstrated precision errors considerably
smaller than inter-subject variability16,18,19. Stammberger
et al. have also developed a method for registering 3D
cartilage surfaces and have used the method to detect local
changes in cartilage thickness20. They report a maximum
positive difference between the thickness distribution
before and after repositioning of 0.48±0.18 mm and a
maximum negative difference of −0.47±0.85 mm.
While other investigators have explored methods of
comparing the cartilage thickness in a patient’s patel-
lofemoral joint (PFJ) with the thickness from an earlier
scan20, in this study, we explore methods for evaluating a
patient’s cartilage thickness in the absence of prior infor-
mation about the distribution of cartilage in the patient’s
knee joint. The first objective of this study was to develop a
methodology for generating templates that represent the
normal human PFJ topography and cartilage thickness,
based on a statistical average of healthy joints. The second
objective was to determine the cartilage thickness in the
PFJs of OA patients and to develop a methodology for
comparing an individual patient’s thickness maps to the
normal templates, in order to identify regions on the
patient’s joint surfaces that are most likely to represent loss
of cartilage thickness.
Methods
The surface topographies and cartilage layer thick-
nesses of the distal femur and patella of 14 normal PFJs
were quantified (Fig. 1). Six knees were from females and
eight from males. Six knees were lefts and eight rights. The
joints were from nine cadavers and five volunteers
(44.7±16.3 years old; range 21–70 years). Cadaver joints
were designated as normal if they showed no signs of
fibrillation or other arthritic defects on visual inspection
following dissection. The cartilage layers of volunteers
could not be examined en face and, thus, volunteers were
designated as normal if they had no history of knee injury,
were in a low risk age range for OA (volunteers were
26.2±4.3 years old), and had their MRIs assessed to be
normal by a musculoskeletal radiologist.
The femoral and patellar surfaces of four of the nine
cadavers were quantified using SPG (Fig. 1), a method that
has been reported extensively and employs a pair of
photos taken from two angles to reconstruct the 3D
coordinates of points on the surface4,21. This method
has been demonstrated to have a topographic accuracy
of 0.09 mm and thickness measurement precision of
0.13 mm.
The articular surface topographies of the remaining five
cadavers and five volunteers were measured using the
MRI-based methodology of our earlier study6 (Fig. 1). The
MRI sequence was a 3D spoiled gradient echo sequence
with fat suppression: TR=55 ms, TE=5 ms, flip angle=40°,
as per Disler et al.9,10. This imaging sequence produced
images that highlighted the articular cartilage such that it
could be clearly discriminated from neighboring sub-
chondral bone and synovium [Fig. 2(a)]. The images were
acquired in the sagittal plane using an extremity coil in a
clinical scanner with a 1.5 T super conducting magnet
Fig. 1. Breakdown of normal and OA joints and corresponding
imaging modalities.
Fig. 2. Magnetic resonance images (3D SPGR, 1.5 T GE magnet, TR=55 ms, TE=5 ms, flip angle=40°) highlighting cartilage layer: (a) right
knee of normal male cadaver, 55 years old at time of death and (b) left knee of 48 years old female patient.
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(Signa 5.7 Horizon, General Electric, Milwaukee, WI). We
previously validated our surface quantification methods by
comparing surfaces and cartilage thickness maps with
those obtained from SPG4 and found the accuracies
of cartilage and subchondral bone surface topography
measurements to be 0.23±0.07 and 0.14±0.04 mm,
respectively, and the thickness measurements to have an
average accuracy of 0.31±0.09 mm6.
So as to decrease the imaging time from 9 min, which
was used in imaging cadavers, to 5 min, a more comfort-
able time for patients to remain still, 1.5 mm image slices
were used for normal subjects and patients instead of
the 1.0 mm slices of our earlier cadaver validation study
[Fig. 2(b)]. A calibration test (against SPG) of repeated
measures of cartilage thickness on one cadaver knee using
both protocols demonstrated that the thickness values
generated with the 1.5 mm imaging slices were as accurate
as those generated with the 1.0 mm slices: for surface
topography, 0.22 mm for the 1.5 mm slices vs 0.20 mm with
the 1.0 mm imaging slices, and for cartilage thickness
accuracy, 0.29 vs 0.30 mm. Thus, MRI in the current study
was performed with a 0.55 mm×0.55 mm in-plane reso-
lution (yielding a field of view of 14 cm) and a slice
thickness of 1.5 mm (Fig. 1). All imaging modalities in-
cluded the entire articular surface of the distal femur and
patella; in particular, the trochlea was imaged until the
proximal edge of the cartilage layer.
As described in our earlier study, the magnetic reson-
ance images were segmented with a semi-automated
algorithm yielding contours describing the articular sur-
faces6. The surface data from both SPG and MRI were
smoothed using B-spline surfaces22. For each cartilage
layer, thickness was calculated at each point on the
subchondral bone as the length of the 3D vector originating
on, and normal to, the subchondral bone surface and
terminating at the cartilage surface4.
In order to create thickness maps that were averages of
the maps of different subjects, the 3D topographical and
thickness data were scaled and aligned with each other
based on an anatomical coordinate system. The femoral
surfaces of the 14 normal subjects were aligned to the
anatomic coordinate system that was described previously
by Kwak et al.23, for which the x-axis runs in the medial–
lateral direction (positive medially) and is defined by con-
necting the centers of spheres fit to the distal femoral
condyles, the y-axis runs in the proximal–distal direction
(positive proximally) and is defined to be parallel to a line
that best fits the centroids of axial contours describing the
femoral bone shaft, and the z-axis is the cross-product of
the first two axes. Alignment was accomplished by finding
the axes for a given bone and then transforming the bone
so that the anatomic axes coincided with the x, y, and z
axes of the global coordinate system. The patellar surfaces
were likewise aligned to an anatomic coordinate system.
The patellar system was defined to have its x-axis connec-
ting the most lateral point of the bone to the most medial, its
y-axis connecting the centroid of the patellar ligament
insertion to the centroid of the quadriceps tendon insertion,
and its z-axis the cross-product of the first two23. Surfaces
were reflected about the sagittal plane if they were from left
knees, as it has been reported that left and right knee joints
are normally symmetric24,25. Given that the coordinate
system was determined from select anatomical features,
the assumption was that aligning bones in this way would
cause the remaining anatomic features from the different
subjects to align with sufficient accuracy for the purposes of
this study.
To compensate for the variation in joint sizes, surfaces
were scaled linearly and uniformly along the three coordi-
nate directions based on a characteristic dimension, the
choice of which is discussed subsequently. While some
studies have shown a strong correlation between cartilage
thickness and donor size26 and some have shown that
when the effect of size is isolated from the effect of gender
there is only a weak correlation between cartilage thickness
and body size27,28, we chose to scale the cartilage thick-
nesses using the same scale factors as their corresponding
surface coordinates. This choice was made because the
templates in this study are created using male and
female subjects and, when males and females were taken
together, our own linear regression analysis showed
moderate to strong correlations between cartilage thick-
ness and joint size (R20.69 for the femurs and R20.35
for the patellae), as did the analyses of those previous
studies.
A cylindrical coordinate system with its long axis aligned
with the medial–lateral axis of the femur (the x-axis of the
femoral anatomic coordinate system) was used as a basis
for averaging the distal femoral surfaces [Fig. 3(a)]. The 3D
volume encompassing all 14 distal femoral surfaces was
sliced by parallel sagittal planes (y–z planes) approximately
1.8 mm apart, intersecting the x-axis at uniformly spaced
points xi. Here, xyz is a right-handed coordinate system.
Within each sagittal plane, rays originating from xi were
projected radially in the 360° space about the x-axis in
increments of 6°, making an angle θj with the y-axis (which
is parallel to the femoral shaft). For each coordinate pair
[xi,θj], the projected ray Rij potentially intersected each of
the 14 individual surfaces, with the intersection of Rij with
surface k represented by the radial coordinate rijk (k=1–14).
If Rij intersected at least half of the 14 surfaces, the
average sij of rijk over the intersected surfaces became
the radial coordinate of point Sij on the average surface.
The associated standard deviation (SD) σij of rijk was also
evaluated at each point Sij. The average over the inter-
sected surfaces and SD of hijk, the cartilage thickness
values corresponding to the surface points rijk, were
denoted by tij and τij, respectively, and reported for surface
point Sij. Thus, an average surface, or ‘normal template’,
was generated with Cartesian coordinates [xi, sij cos θj, sij
sin θj] and thickness values tij for each surface point Sij. The
surface-wide root-mean-square of σij was denoted by Σ and
the surface-wide root-mean-square of τij by T.
The 3D volume encompassing the 14 aligned and scaled
patellar surfaces was scanned in a similar fashion, only
employing a rectangular coordinate system [Fig. 3(b)]. The
x–y plane was defined to be normal to the anterior–
posterior anatomic axis of the patella. For each value of xi
along the medial–lateral axis, the space along the
superior–inferior direction was parsed in uniform incre-
ments of 1.0 mm, yielding points [xi, yj]. Rays Rij were
projected from each [xi, yj], perpendicular to the x–y plane,
and the values Sij, σij, tij, τij, Σ, and T evaluated as
described for the femur.
As noted above, because of the inter-individual disparity
in joint size, articular surfaces needed to be scaled up or
down to an average size using a suitable scale factor.
Three characteristic length scales were explored as poten-
tial scale factors for the femur: the distance between the
centers of spheres best-fit to the medial and lateral con-
dyles (CD); the anterior–posterior width (AP) of the articular
surface; and the square-root of the articular surface area
(SAF). Four lengths were tested for the patella: medial–
lateral width (ML); superior–inferior height (SI); square-root
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of the surface area (SAP); and the square-root of ML×SI
(SQ). The surface averaging procedure described pre-
viously was repeated for each of the candidate length
scales and the scale factor that yielded the lowest SD in the
average topography, i.e., the lowest Σ was chosen as the
optimal characteristic scale factor. The average surface
topography and thickness map produced with this optimal
factor were selected as the final normal templates. Though
these templates were originally created as a right knee
joint, they were mathematically mirrored about the sagittal
plane to provide a template for left knees as well.
In addition to the normal joints used for generating the
average topography and thickness templates, 31 patients
(22 females, 9 males; age=51±12 years) were chosen for
this study. Based on a clinical examination by an orthopedic
surgeon, all were diagnosed with PFJ OA in at least one
knee; two had OA in both knees. MRI was performed on the
33 arthritic knee joints (Fig. 1) at full extension using the 3D
SPGR sequence described earlier for the healthy joints of
volunteers and shown in Fig. 2(b). The aforementioned
calibration study6 included cadaver knees with signs of
arthritic degeneration, and thus the cadaver calibration is
considered relevant to the imaging of patients with OA. As
with the non-arthritic joints, the images were digitized,
the cartilage layer surfaces reconstructed with B-spline
surfaces, and the thicknesses across the surface
calculated.
The cartilage thickness maps of each patient were then
quantitatively compared with the normal templates of the
distal femur and patella as follows. First the patient’s
articular surface topography and thickness maps were
scaled based on his/her characteristic scale factor. Next,
the patient’s surfaces were aligned to their anatomic
coordinates23 so that they would automatically align with
the template topography that had been generated in the
anatomic coordinate system. For each surface, the scaled
version of the patient’s thickness map was then projected
onto the appropriate topography template. Finally, the dif-
ference between the normal template thickness and the
patient’s cartilage thickness was calculated at all points Sij
on the template surface (Fig. 3), yielding differences dij. The
average value of dij across the surface could then serve as
one simple indication of whether the patient’s cartilage is
thinner (in the case of negative difference) or thicker
(positive difference) than expected for a normal healthy
joint. This procedure was repeated for all the OA surfaces.
To facilitate meaningful comparison between the patient
cartilage thickness and the normal thickness, the thickness
difference, dij, at each surface point was normalized in two
ways. In the first, the difference at each point was scaled by
the average thickness at that point, tij, and the resulting
values of dij/tij, designated by uij and expressed as a
percentage. A ‘normalized difference map’ was generated
by calculating uij across the surface. This map provides an
appreciation of how the difference between the patient’s
thickness and the normative value at the given point relates
to the normative value. In this sort of representation, a
deficit of 0.5 mm where the cartilage thickness is 2.0 mm is
equivalent to a 25% ‘normalized deficit’.
In a second method for elucidating the cartilage thick-
ness deficits in the OA patients, the difference at each
point, dij, was normalized by the SD of the average thick-
ness at that point, τij. Values vij=dij/τij were generated
across each surface yielding a ‘scaled difference map’. At a
given point, vij represents the number of SDs by which the
thickness at the point differs from the normative value. If,
for example, one analyzes points on the surface where the
scaled difference is algebraically less than −2, then one is
dealing with points for which the cartilage thickness is more
than 2 SDs below the normative value. In order to confirm
that the number of SDs was a good measure of ‘abnor-
mality’, the Lillefoire goodness-of-fit test was applied at
each point on the femur and patella templates to determine
whether the thickness values of the healthy joints (hijk for
Fig. 3. Schematic for averaging (a) femoral and (b) patellar surfaces.
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k=1 to 14 for each point Sij) were distributed about the
mean according to a Gaussian distribution. It was found
that 95% of surface points on the femur demonstrated a
Gaussian distribution, as did 82% of points on the patella.
Given that the data from the healthy joints were in fact
found to follow a Gaussian distribution over most of the
articular surface, it can be said that 68.5% of surface points
from healthy joints will fall within 1 SD of the average,
95.5% within 2 SDs, and 99.7% within 3 SDs. Therefore, a
point on any given surface where the deficit is greater than
2 SDs, has a 2.3% (i.e., [100−95.5]/2) chance of deriving
from a healthy joint surface. Thus, if we designate regions
with a deficit beyond the 2 SDs level as pathological, the
chance of mistaking a region with normal cartilage thick-
ness as pathological will be approximately 2.3%; for deficits
beyond the 3 SDs level, the likelihood of error is further
reduced. These percentages provide confidence measures
for the assessment of the scaled difference maps.
To distinguish between the two types of scaled difference
values, uij values, in which the absolute difference is
normalized by the average of the normal population, are
referred to as ‘normalized differences’ and vij values, in
which the absolute difference is scaled by the SD in the
normal population, are referred to as ‘scaled differences’.
Negative differences, where the patient thickness is lower
than the normal thickness, are referred to as ‘normalized
deficit’ and ‘scaled deficit’, accordingly.
To obtain an aggregate result for all patients, the thick-
ness maps for all 33 OA joints were also averaged and
projected onto the normal topographical template. Normal-
ized and scaled difference maps were also generated for
this average patient template.
As a further measure of the extent of deviation from the
normal template, the fraction of each surface’s area where
the thickness deficit was beyond 1.0, 1.5, 2.0, 2.5, and 3.0
SDs was calculated. This calculation required creating
scaled deficit maps for normal joints in the same manner as
described above for OA joints. These area-fractions were
statistically compared between the normal and patient
joints.
Results
The values of Σ (the surface-wide root-mean-square of
the SD of the average radial surface coordinate) for the
femur were 2.01, 1.63, and 2.37 mm for the CD, AP, and
SAF scale factors, respectively. The values for the patella
were 3.33, 3.30, 3.04, and 3.26 mm for the ML, SI, SAP,
and SQ scale factors, respectively. Thus, given that the
lowest values were for anterior–posterior dimension for
the femur and for the square-root of the surface area for the
patella, the average surfaces based on those scale factors
were chosen as the standard normal templates. For the 14
normal joints, the average AP dimension of the femur was
7.1±0.0 cm and the average SAP of the patella was
3.3±0.3 cm. The average thickness maps (tij) for the femur
and patella are displayed as elevation contour maps in
Fig. 4(a), projected onto the average topographies. For
these average surfaces from healthy joints, the surface-
wide mean and SD of the cartilage thickness (mean±SD of
tij over the range of i and j) was 2.24±0.39 and
3.26±0.63 mm for the femur and patella, respectively. The
maximum cartilage thickness on this femur template sur-
face was 3.69 mm and on the patella 4.61 mm. The SD in
cartilage thickness at every surface point (τij) is displayed in
Fig. 4(b) for the normal joints. The surface-wide root-mean-
square of the SD was T=0.49 mm for the femurs and
T=0.85 mm for the patellae. The coefficient of variation
(τij/tij) is presented in Fig. 4(c), and its surface-wide mean
was 20.9±4.8% for the femurs and 25.1±6.0% for the
patellae. Because they were derived from a sample popu-
lation of non-arthritic joints, the maps of Fig. 4 will be
referred to as normal templates.
Cartilage thickness and difference maps were also
generated for all the osteoarthritic knee joints of the
patients in this study. As the goal of this study was to
develop a technique that could be used on individual
patients, a representative map for the left knee of a
51-year-old female patient is presented in Fig. 5 as an
illustration of the technique. The cartilage thickness (shown
on the patient’s articular topography, Fig. 5(a)) had surface-
wide mean values of 1.8±0.5 and 2.1±0.9 mm for the femur
and patella, respectively. The mean differences against the
normal template (the surface-wide mean values of dij) for
this patient were −0.79 and −0.90 mm for the femur and
patella, respectively. The normalized cartilage thickness
deficits against the normal template (uij) are presented in
Fig. 5(b) (shown on the articular topography of the normal
template). The mean normalized deficits (the surface-wide
mean values of uij) for this patient were 18.9 and 35.9%.
Finally, the cartilage thickness deficits in terms of number of
SDs (vij) are shown for the femur and patella on the
articular topography of the normal template [Fig. 5(c)]. For
this patient, 32.8% of the femoral surface demonstrated a
deficit of more than 1 SD, with the greatest deficits localized
in the lateral trochlea and in smaller regions of the medial
and lateral condyles. The patella showed elevated deficits
in the lateral facet, with 54.9% of the surface demonstrating
thinning greater than 1 SD.
The cartilage thickness maps and articular surface
topographies were also scaled, aligned, and averaged for
all 33 OA knees to form patient templates of the femoral
and patellar surfaces [Fig. 6(a)], and compared against the
normal templates using normalized and scaled differences
[Figs. 6(b, c)]. The surface-wide mean cartilage thickness
in patients was 2.18±0.34 and 2.96±0.45 mm in the femur
and patella, respectively. Both of these surface-wide mean
values were statistically smaller than the corresponding
values from the normal templates, using a paired t-test
comparison at corresponding points of the common
topographical template (P<0.001). The maximum cartilage
thickness in these patient templates was 3.55 and 3.87 mm
for the femur and patella, respectively. The surface-wide
root-mean-square of the SD was T=0.54 mm for the femur
and T=0.88 mm for the patella. The coefficient of variation
for the patient templates had surface-wide mean values of
23.9±3.5 and 32.2±5.8% in the femur and patella, respect-
ively, and these values were also statistically greater than
for normal templates (P<0.001).
The fraction of the articular surface area for which the
scaled deficit exceeds specific threshold values is pre-
sented in Fig. 7. A significantly larger fraction of the
patients’ femoral surfaces demonstrated a scaled deficit of
1.5, 2.0, 2.5, and 3.0 SDs when compared with the healthy
population [Fig. 7(a)]. For the patellae, significant differ-
ences were found for 1.0, 1.5, 2.0, 2.5, and 3.0 SDs
[Fig. 7(b)].
Discussion
The first objective of this study, developing a method-
ology for generating templates that represent the normal
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human PFJ topography and cartilage thickness, has been
demonstrated in the creation of the surface and thickness
maps from a population of 14 non-arthritic joints. It can be
observed that the femoral cartilage is thickest in the
anterior-most central region of the trochlear groove, with
additional thick regions on the lateral and medial condyles
(Fig. 4). The patella exhibits a broad mid-horizontal band
of thick cartilage, with the thickest region on the lateral
facet. These average thickness maps are consistent with
previous PFJ cartilage thickness measurements4,5,29, and
Fig. 4. Average maps for the femoral and patellar surfaces of 14 non-arthritic PFJ joints: (a) mean cartilage thickness; (b) SD of cartilage
thickness; (c) coefficient of variation of cartilage thickness.
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they provide representative templates from a small sample
of the normal population. Given the methodology devel-
oped in this study, more representative templates may be
derived from larger population samples in future studies.
The second objective, developing a methodology for
comparing specific PFJ OA patient maps to the norma-
tive templates was demonstrated in a population of
33 OA joints. Representative results from the proposed
Fig. 5. (a) Cartilage thickness maps for left knee of a 51-year-old female patient diagnosed with PFJ OA (tij), using the patient’s articular
surface topography; (b) normalized difference maps for same patient (uij), plotted on the (reflected) articular surface topography from the
normal template (Fig. 4); (c) scaled difference maps for same patient (vij).
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methodology for assessing cartilage thinning in patients
diagnosed clinically with PFJ OA are presented in Fig. 5,
where normalized and scaled differences between the
average normal thickness and the patient’s maps are
displayed, with only negative differences shown. The area-
fraction calculation reveals 0.4% of the surface with a
deficit of 3 or more SDs, which can be compared with 0.0%
for the normal femoral surfaces. Most of the patient’s
Fig. 6. Average maps for the femoral and patellar surfaces of 33 knees with PFJ OA: (a) mean cartilage thickness map, plotted on mean
articular surface topography of OA joints; (b) normalized difference maps against the normal template, plotted on the articular surface
topography from the normal template; (c) scaled difference maps.
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femoral surface (87.3%), however, lies within 1 SD of the
average. Based on these maps, the femoral trochlea of this
patient demonstrates a region of thinning in the antero-
lateral corner of the trochlea. The patella demonstrates
thinning of a greater magnitude on the lateral facet. In this
patient, there is a large region, 10.1% of the articular
surface area, with a thickness deficit of more than 3 SDs
(compared with 0.1% for the normal patellae) and only
16.9% of the surface lies within 1 SD (compared with
82.7% for normal patellae). Examination of these results
provides a quick feedback regarding the likely presence
and location of cartilage defects in a specific patient joint.
These ‘normalized’ and ‘scaled’ difference maps have the
potential to become standard clinical evaluation tools for
the quantitative assessment of cartilage lesions. In the
absence of such maps, a clinician must rely on his or her
general knowledge of the expected cartilage distribution
pattern in deciding whether a patient’s cartilage is thin
enough to require intervention.
If the only available statistics were surface-wide aver-
ages, thickness measurements would be of limited useful-
ness. The contour maps of normalized deficit supplement
the information that can be conveyed via descriptive stat-
istics by giving local information across the patient’s sur-
faces (Fig. 5). The normalized deficit maps, by relating the
deficit to the thickness value in healthy joints, provide a
perspective on what percentage of the patient’s cartilage
may have been lost. The scaled difference maps, which
report the number of SDs by which the cartilage at each
point differs from the normative value, provide information
as to where a patient’s cartilage deviates from normality.
These maps should be viewed in light of the deviations
expected in a normal population. Instead of classifying
regions as either normal or abnormal, these measures can
provide information on the degree of confidence with which
we can assess deviation from normality. The greater the
deficit, when expressed in multiples of the SD, the greater
the confidence that this deficit represents cartilage lesions
in that patient.
Patient-specific maps, as provided in Fig. 5, were gener-
ated for all joints in this study and were found to vary. Some
patients exhibited lesions primarily on the patella, while
others exhibited femoral lesions, more often on the con-
dyles than on the trochlea. These findings are summarized
in the aggregate patient results presented in Fig. 6, where
normalized and scaled deficit maps are provided in the
form of a patient template. In general, because this patient
template represents an average over 33 joints with variable
lesions and degrees of degradation, the normalized and
scaled deficits of Fig. 6(b, c) do not cross the threshold
level above which lesions would be confidently identified
when examining a single patient, as shown in Fig. 5, for
example. Nevertheless, these maps reveal interesting pat-
terns of cartilage-thickness deficit. In the femur, the great-
est deficits are observed on the antero-medial condyle,
followed by the antero-lateral condyle and the lateral troch-
lea. In the patella, the deficit is broadly distributed on the
lateral facet, closer to the proximal pole and extending
medially with somewhat less severity. The presence of
significant lesions on the femoral condyles suggests that,
on average, these patients do not present themselves with
isolated PFJ OA.
Significant differences between normal and arthritic joints
were also found for the surface area-fractions displaying
thickness deficits (Fig. 7). Thus, as expected, in addition to
having cartilage that is thinner on average, the OA joints
have thin cartilage over a larger region than the normal
joints. While normal joints demonstrated some regions
where their cartilage thicknesses fell below average, as
would be expected in any population sample, these regions
were significantly smaller than in the OA patient population.
When displaying patient thickness maps in comparison
to the normal template, the figures presented in this study
[Figs. 5(b, c) and 6(b, c)] show only regions where thick-
ness deficits are found. As can be seen in Fig. 6(b), on
average, almost all of the patellar articular surface and
most of the femoral surface in patient joints exhibited a
deficit. The remaining small fraction of the surface exhibited
cartilage thicker than the normal template. In addition to
normal statistical variations about the mean, it is possible
that in some patients, thicker cartilage results from the
swelling of cartilage thought to occur at the early onset of
OA30,31, though the current study did not focus on this
aspect.
Investigators who are interested in patterns of cartilage
thickness must relate surfaces of different scale that are
described relative to different coordinate systems. In some
studies, investigators have associated cartilage thickness
Fig. 7. Comparison of area-fraction at difference SD levels for normal joints and patient joints: femurs (a) and patellae (b).
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values with particular functional regions and then com-
pared them. For example, in studying the cartilage thick-
ness across the distal femoral surfaces, Shepherd and
Seedhom compared condylar region values with those in
the trochlear region26 and Karvonen et al. compared thick-
nesses at weight-bearing sites with those at non-weight-
bearing sites32. A second approach is to use anatomic
landmarks to establish a correspondence between different
data sets, as Brett et al. and Waterton et al. did when they
used an automatic landmark generation algorithm to create
sets of corresponding landmarks on each of the slice
contours of segmented MR images33,34. A third approach
comparing unrelated articular surface geometries is to
characterize them in terms of geometric primitives so that
the surfaces can then be compared in terms of parameters
of the primitives35. The approach used in this study falls
best into the second category, as our anatomic coordinate
systems rely on the identification of anatomic landmarks to
align the articular layers from different subjects. We have
opted for this method over the others because it provides
correspondence between articular layers across their entire
surface, as opposed to just at select sites, and does not
require the simplification of the surface inherent in primitive
characterization.
Because of the methodological nature of this study, it is
important to point out its potential limitations. For example,
the accuracy of MRI-based cartilage thickness maps may
be improved with higher-resolution images, such as those
with in-plane pixels of 0.31 mm×0.31 mm27. The precision
with which the thickness map of an individual subject can
be reproduced from multiple scans, either on the same day
or months apart, has not been investigated with our sys-
tem, though Eckstein et al. have found the precision error to
be considerably smaller than inter-subject variability17,19.
Given Hudelmaier et al.’s recent finding that older sub-
jects have thinner cartilage, independent of cartilage dis-
ease36, one might question our use of normal subjects that
are not age-matched with our patients. However, for the
relatively small sample of normal and OA subjects used in
this study, the OA patient population (51±12 years old) was
not significantly older than the normals (45±16 years old),
using a t-test comparison (P0.2). One may also question
the use of a healthy joint population with two distinct
cohorts: volunteers with an average age of 27±4 years and
cadavers with an average age 55±9 years, though a
comparative analysis of the cartilage thicknesses of the two
groups revealed no statistical difference between them.
The focus of the current study was to describe a
methodology for generating normal thickness templates
and for identifying lesions in the articular layers of OA
patients. This methodology could be applied to larger
populations that may be grouped according to categories
such as age, gender, ethnicity, height, weight, and level of
physical activity, to provide proper matching conditions for
OA patients. The normal templates could also be used to
explore demographic or epidemiologic trends. Such a
grouping could, for example, corroborate the finding that
knee cartilage becomes thinner with age, independent of
cartilage disease36 and could explicate further the finding
that males have significantly larger cartilage volumes than
females, even after correcting for difference in their sizes28.
The surface templates could be used in studies that relate
osteoarthritic changes to surface remodeling.
The average surface topographies and thickness
maps may also provide templates to assist in the segmen-
tation of biomedical images of the PFJ for other research
and clinical needs. Finally, such templates can provide
guidance in the design of prosthetic surfaces and tissue-
engineering constructs. This methodology is not limited to
the PFJ, but could be applied to other articular joints as
well.
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